The vertebrate hindbrain is segmented into a series of transient structures called rhombomeres. Despite knowing several factors that are responsible for the segmentation and maintenance of the rhombomeres, there are still large gaps in understanding the genetic pathways that govern their development. To ®nd previously unknown genes that are expressed within the embryonic hindbrain, a subtracted chick hindbrain cDNA library has been made and 445 randomly picked clones from this library have been analysed using whole mount in situ hybridisation. Thirty-six of these clones (8%) display restricted expression patterns within the hindbrain, midbrain or cranial neural crest and of these, twenty-two are novel and eleven encode peptides that correspond to or are highly related to proteins with previously uncharacterised roles during early neural development. The large proportion of genes with restricted expression patterns and previously unknown functions in the embryonic brain identi®ed during this screen provides insights into the different types of molecules that have spatially regulated expression patterns in cranial neural tissue. Published by Elsevier Science Ireland Ltd.
Introduction
During early vertebrate development, the hindbrain is transiently divided into a series of units called rhombomeres (r) along the antero±posterior (A±P) axis. The early segmental patterning of the rhombomeres is re¯ected at later stages of head development in the pattern of neuronal differentiation and also in the speci®cation of the branchial neural crest that migrates into the branchial arches (for reviews see Lumsden and Krumlauf, 1996; Wilkinson, 1995) .
Some molecules with known roles in hindbrain segmentation and patterning have been identi®ed, including transcription factors such as members of the HoxA, B and D clusters, Krox20 and kreisler and other proteins such as the Eph receptor tyrosine kinases and their ligands the ephrins . With the exception of kreisler, which was identi®ed in a mouse mutant with disrupted hindbrain segmentation posterior to r3 (Cordes and Barsh, 1994) , all of these genes have been recognised as having potential roles during hindbrain development by virtue of their restricted expression within particular rhombomeres.
Hox gene expression in the hindbrain occurs in a nested set of domains with anterior limits at the position of rhombomere boundaries (see Lumsden and Krumlauf, 1996) . Evidence from null mouse mutants (Chisaka and Capecchi, 1991; Gavalas et al., 1997; Gendron-Maguire et al., 1993; Rijli et al., 1993; Studer et al., 1996) suggests that Hox genes have roles in specifying and maintaining the A±P identity of rhombomeres and neural crest. Krox20 expression is restricted to r3 and r5 (Wilkinson et al., 1989) and targeted deletions of this gene demonstrate that it is required for the maintenance of these two rhombomeres (SchneiderMaunoury et al., 1997 (SchneiderMaunoury et al., , 1993 . In the mouse, kreisler is expressed in r5 and r6 (Cordes and Barsh, 1994) and in kreisler homozygous mutants there is a loss of overt segmentation posterior to r3 which can be attributed to the complete loss of r5 (Manzanares et al., 1999) . Several members of the Eph receptor tyrosine kinase family are expressed at high levels in r3 and r5 in territories adjacent to that of their respective ephrin-B ligands in even numbered rhombomeres (Wilkinson, 2000) . Blocking of Eph receptor tyrosine kinase function and mosaic activation of both Ephs and ephrins in vivo have implicated both these Mechanisms of Development 102 (2001) 119±133 proteins in the restriction of cell intermingling between rhombomeres (Xu et al., 1995 (Xu et al., , 1999 .
Anterior rhombomeres are also in¯uenced by signals from the isthmic constriction which is found between the midbrain and r1. Fibroblast Growth Factor (Fgf )-8 is expressed in the isthmus (Crossley and Martin, 1995) and ectopic application of FGF8 protein in ovo mimics the function of the isthmus in anteriorising the hindbrain (Irving and Mason, 2000) . Expression domains of Otx2 in the forebrain and midbrain (Bally-Cuif et al., 1995) and Gbx2 in the hindbrain (Shamim and Mason, 1998) meet at the isthmus and experimental evidence suggests that both these genes are required for the correct spatial expression of Fgf8 and speci®cation of the isthmic organiser (Acampora et al., 1997; Wassarman et al., 1997) .
Cranial neural crest cells migrate from the neural tube in three streams separated by neural crest free regions adjacent to r3 and r5. The origin of this segmented pattern of cranial neural crest migration has been linked to the segmental expression of several molecules in the hindbrain. These include the neuregulin receptor ErbB4 which is expressed in r3 and r5 and patterns the adjacent cranial mesoderm to create an exclusion zone for migrating crest cells (Golding et al., 2000) , and BMP4 and Msx2, both of which are expressed in r3 and r5 at the time of crest cell emergence from the neural tube and underlie the apoptotic elimination of many neural crest cells from these rhombomeres (Graham et al., 1994; Takahashi et al., 1998) .
A number of other genes have also been identi®ed whose expression is restricted to speci®c regions along the A±P axis of the hindbrain and midbrain during early embryonic development but for most, their functions remain less well understood. These encode a variety of molecules including transcription factors of the Irx (Goriely et al., 1999) , Sax (Schubert et al., 1995) , Hlx (Fjose et al., 1994) , Her/Hes (Lobe, 1997; Pasini et al., 2001) and Ash (Allende and Weinberg, 1994) families; secreted/cell surface proteins such as WNT8C (Hume and Dodd, 1993), FJX1 (AsheryPadan et al., 1999) , cadherins (Inoue et al., 1997) and collapsins (Shepherd et al., 1996) ; transmembrane receptors such as FGF receptors (Thisse et al., 1995; Walshe and Mason, 2000) ; molecules involved in retinoid signalling including Cellular Retinoic Acid Binding Proteins (CRABPs) (Lyn and Giguere, 1994; Maden et al., 1991) and Retinoic Acid Receptors (RARs) (Mollard et al., 2000) ; other nuclear receptors such as seven-up related proteins (Fjose et al., 1993) and other factors that act as speci®c antagonists such as follistatin (Graham and Lumsden, 1996) and sprouty2 (Chambers et al., 2000) .
Despite the progress made in dissecting the genetic pathways involved in the early development of the vertebrate hindbrain and cranial neural crest, large gaps in current knowledge still exist. The purpose of this study is to identify novel candidate genes with potential roles in early cranial neural development. Numerous methods can be used to detect genes involved in the development of particular tissues. These include screens for phenotype such as genetic screens (Driever et al., 1996; Haffter et al., 1996; NussleinVolhard and Wieschaus, 1980) and functional screens (Smith and Harland, 1991) or screens that assess gene expression patterns and utilise techniques such as differential display (Chambers et al., 2000; Liang and Pardee, 1992) ; microarrays (DeRisi et al., 1996; Iyer et al., 1999) ; subtractive hybridisation (Diatchenko et al., 1996; Harrison et al., 1995) and in situ hybridisation (Gawantka et al., 1998) . This latter group of expression pattern screening methods reveal candidate genes that are subsequently analysed for function.
We have chosen to combine the construction of a cDNA library from chick embryonic hindbrains with a large-scale in situ hybridisation screen. We also generated a pre-streak stage chicken embryo cDNA library and used this in a subtractive hybridisation to generate a subtracted hindbrain cDNA library which is signi®cantly enriched for genes expressed in the hindbrain and depleted of ubiquitously expressed genes. Four hundred and forty-®ve random clones from the subtracted hindbrain library were tested by whole mount in situ hybridisation. Thirty-six clones display highly restricted expression patterns within the hindbrain, midbrain or cranial neural crest. Sequence analysis of these 36 clones reveal that three correspond to genes with established functions during early cranial neural development. A further 10 encode homologues of proteins with no previously recognised roles in early neural development and 23 encode novel proteins. This study provides groundwork for a global understanding of segment diversity and early hindbrain development.
Results

Generation and characterisation of a subtracted hindbrain cDNA library
Due to the comparatively large size of the chick embryonic hindbrain, it was possible to gather enough material to construct a conventionally cloned cDNA library which circumvents the need for a PCR based ampli®cation step which can introduce bias and generate artefacts (Smith and Gridley, 1992) . In order to increase the ef®ciency of screening by in situ hybridisation, ubiquitously expressed genes were removed from this hindbrain library by a subtractive hybridisation technique. We reasoned that embryos isolated prior to the formation of Koller's sickle (`pre-streak' embryos) would be a good choice to use as driver for this subtractive hybridisation as this tissue has yet to initiate embryonic differentiation (Izpisua-Belmonte et al., 1993) .
The subtracted library was generated by hybridising single-stranded, sense, tracer DNA derived from the hindbrain cDNA library to anti-sense biotin labelled mRNA derived from the`pre-streak' library. Biotin tagged tracer- (Prichard et al., 1983) . Expressed in foetal rat brain in dividing astrocytes (Manos and Bryan, 1993 Recruited to TNFaR1/2 after ligand binding in association with TRAFs (Shu et al, 1996) and leads to NF-kB dependent transcriptional activation of initiator caspases (Wang et al., 1998) . Can also bind directly to and inhibit effector caspases leading to inhibition of apoptosis (Roy et al, 1997 (Gleeson et al., 1998; desPortes et al., 1998) . The Dbct protein binds to tubulin and stabilises microtubules (Taylor et al., 2000) . Serine/threonine kinase Highly related to HRI (Chen et al, 1991) ; PKR (Meurs et al, 1990) and PEK (Shi et al, 1998) . These all speci®cally phosphorylate eIF2a and prevent translational initiation in eukaryotes. Receptor tyrosine kinase Eph receptor tyrosine kinase known to be expressed in the hindbrain. Ephs act to restrict cell intermingling between forming rhombomeres (see Wilkinson, 2000) . This family includes unc-33 which when mutated leads to abberrant C. elegans axonal projections (Hedgecock et al., 1987) ; TOAD-64 which is upregulated during rat neurogenesis (Minturn et al., 1995) and Ulip which is phosphorylated in response to NGF and is found in growth cones in mouse brain (Byk et al., 1996) 4B3 BF724084 Chick Msx1; e 0.0 Homeobox containing transcription factor expressed in many tissues including neural crest (Robert et al., 1989 Similarities refer to the best hit following database searching using the BLAST algorithm. The`e value' denotes the degree of similarity with a value of 0 indicating a direct match. Levels of gene expression are denoted as`11' representing high levels of expression followed in decreasing order by`1' and`1/2'.`2 ' denotes expression below the level of detection. Abbreviations: fb, forebrain; mb, midbrain; r, rhombomere; sc, spinal cord; nc, neural crest; panmig, pan migratory neural crest; premig, premigratory neural crest. driver hybrids were removed by binding to streptavidin and the resultant tracer-speci®c, single-stranded DNA was converted to double-stranded DNA to produce the subtracted hindbrain cDNA library. The number of independent clones in the original ampli®ed hindbrain library was 5 £ 10 5 clones. Following subtraction and the removal of empty vector background, the size of the library was 2.5 £ 10 3 clones, which indicates that 99.5% of clones were removed during the subtraction procedure.
The success of the subtraction procedure was assessed by screening 2 £ 10 4 clones from both the unsubtracted and subtracted hindbrain libraries by colony screening for the ubiquitously expressed gene GAPDH (Panabieres et al., 1984) and two genes expressed in the embryonic hindbrain EphB3 (Sajjadi and Pasquale, 1993) and HoxA3 (Saldivar et al., 1996) . In the unsubtracted library, 240 colonies hybridised with GAPDH compared to 0 positively hybridising colonies following subtraction. Prior to subtraction, four and 16 colonies hybridised with EphB3 and HoxA3 probes respectively whereas after subtraction these ®gures rose to 43 and 30 indicating between a 2-to 10-fold enrichment for these genes within the library. This indicates that the subtraction procedure has successfully eliminated some ubiquitously expressed genes and signi®cantly enriched for other genes which are normally expressed within the hindbrain.
In order to calculate the complexity of the subtracted library, 1.2 £ 10 3 clones were randomly picked and gridded onto agar plates. Radioactively labelled probes were generated from nine other randomly selected clones from the library and individually used to screen the gridded library. The number of positively hybridising colonies per probe ranged from 0 to 2, with an average number of 0.6 per 1.2 £ 10 3 colonies. This indicates that a particular gene is likely to be represented once in every 2 £ 10 3 clones.
Identi®cation of clones displaying restricted expression patterns within the developing brain
In order to identify genes with restricted domains of expression within developing cranial neural tissues, we assessed the expression patterns of randomly chosen clones from the subtracted hindbrain library using whole mount in situ hybridisation of chicken embryos. To analyse expression during both early and late hindbrain development, a range of at least three embryos (HH 9 to 12) were analysed for each probe. The expression of hindbrain segmentation genes such as Krox20 ®rst reach detectable levels at the beginning of this period and continue to be expressed throughout this time (Irving et al., 1996) .
Thirty-six of the 445 clones (8%) tested in this manner displayed expression patterns that were restricted to parts of the midbrain, hindbrain or cranial neural crest arising from these regions ( Fig. 1 and Table 1 ). Three hundred and forty (76%) of the clones either exhibited non-regionalised expression in the embryo or were exclusively expressed at uniform levels throughout the neural tube (not shown). Signal was undetectable in 69 (16%) of the clones screened (not shown), which may re¯ect either low levels of transcript expression or insensitivity of the probe under the hybridisation conditions utilised. In cranial neural tissue, a range of expression patterns were identi®ed, with some clones expressed in broad domains, for example within the whole hindbrain (clone 1F9) or midbrain (clone 0B3), others in speci®c rhombomeres (e.g. clones 0A7, 0A11) and others in speci®c populations of cells within particular rhombomeres (e.g. clones 0B6, 4E4 and 4G2). Some clones are expressed at the isthmus between the midbrain and r1 (e.g. 0A6, 0B8, 1C6, 3F2 and 3G1) or in migrating neural crest cells (e.g. 2F10).
Clones exhibiting restricted expression patterns in cranial neural tissues were sequenced from both ends and conceptual translations in all six reading frames of these expressed sequence tags (ESTs), were compared to public domain protein databases. Expected (e) values lower than 10 26 were taken to represent sequence similarity and these values are listed in Table 1 for each clone. Three of the clones exhibiting regionalised neural expression (3H10, 0B5 and 4B3) encode molecules with previously demonstrated expression or function during early cranial neural development: the receptor tyrosine kinase EphB3 (Sajjadi and Pasquale, 1993; Wilkinson, 1995) , and the homeobox containing transcription factors HoxD3 (Manley and Capecchi, 1997; Searcy and Yutzey, 1998) and Msx1 (Feledy et al., 1999; Yokouchi et al., 1991) suggesting that the screening method can identify genes of functional importance.
Nine of the 36 clones with regionally restricted expression patterns are identical to, or closely related to genes/ proteins with previously characterised expression or functions in tissues other than early embryonic neural tissue. These cover a range of molecules including enzymes, membrane bound receptors, intracellular components of signalling cascades and speci®c inhibitors of other proteins (see Table 1 and Fig. 2) .
Four clones encode enzymes (0A2, 0A11, 3F10 and 4B1). Clone 0A2, expressed in all rhombomeres at varying levels except for r5, is identical to the chick brain-type creatine kinase (B-CK) gene which encodes the cytoplasmic form of CK and is involved in energy metabolism (Hossle et al., 1986; Prichard et al., 1983) . Clone 0A11 is expressed strongly in r5 and sequencing of the entire coding region (Genbank accession: AF330008) reveals that it encodes a serine/threonine kinase highly related to the eukaryotic translational initiation factor subunit 2a (eIF2a) kinase, HRI (haem-regulated inhibitor of translation: Berlanga et al., 1998; Chen et al., 1991) and with lower similarity to PKR (interferon-inducible double-stranded RNA dependent protein kinase: Meurs et al., 1990) and PEK (pancreatic eIF2a kinase: Shi et al., 1998) (Fig. 3a) . Phosphorylation of eIF2a by HRI prevents binding of the initiator methionine-tRNA to the ribosome, thus inhibiting translational initiation (Kimball, 1999) . Clone 4B1 is expressed in the midbrain and r4±r6 and at lower levels in neural crest emigrating from r4. Sequencing of the entire coding region of this clone (Genbank accession: AF330010) showed that it is very highly related to the N-terminal half of the dihydropyramidinase-related protein ULIP-4 (Fig. 3b) . Some members of the ULIP protein family are upregulated during neuronal differentiation and have roles in axonal guidance (Byk et al., 1996; Hedgecock et al., 1987; Holm and Sander, 1997; Minturn et al., 1995) . Clone 3F10 is expressed throughout the midbrain and hindbrain and exhibits moderate amino acid similarity to spermidine synthase (SPDSY) (Korhonen et al., 1995) .
Two clones encode intracellular components of signal transduction pathways (0A7 and 0A10). Clone 0A7 is expressed at high levels in the midbrain and r5, and within r5, expression is restricted to the ventral two-thirds (not shown). 0A7 encodes the chick cellular inhibitor of apoptosis-1 protein (cIAP1; You et al., 1997) . cIAP1 binds to the tumour necrosis factor alpha (TNFa) receptor (Shu et al., 1996) to suppress the transcriptional activation of initiator caspase genes (Wang et al., 1998) and also binds certain effector caspases (Roy et al., 1997) , both leading to an inhibition of apoptosis (Deveraux and Reed, 1999) .
Clone 0A10, expressed at low levels in r3 and r5, is the chicken homologue of Sin1. Sin1 interacts with Sty1/Spc1 (stress-activated, mitogen-activated protein kinase, SAPK) in yeast, is phosphorylated following stress in a Sty1/Spc1 independent manner and is required for stress-dependent transcription via the substrate of Sty1/Spc1, Atf1 . We have previously shown that chicken and yeast Sin1 are biochemically equivalent as chimaeric fusions of the two proteins can rescue loss of Sin1 function in yeast .
Clone 1D10, expressed in the fore-, mid-and hindbrain, shares moderate sequence similarity to human ribonuclease/ angiogenin inhibitor protein (RAI/RI, Schneider et al., 1988) . Clone 4F11 is expressed in speci®c dorsal cells posterior to r6 and shares a high similarity to the mammalian transmembrane G-protein coupled central cannabinoid receptor CB1 which is widely expressed in the adult brain (Howlett, 1998) .
Clone 0A8 is expressed strongly in r2, r4 and neural crest migrating from r4. Initial analysis of EST sequence data suggested that this clone encodes the chicken homologue of doublecortin and this has been con®rmed by sequencing the 0A8 clone in its entirety (Genbank Accession: AF330009, see also Fig. 3c ). Mutations in human doublecortin result in X-linked lissencephaly, in which abnormal cortical lamination occurs due to defects in neuronal migration (desPortes et al., 1998; Gleeson et al., 1998) . The doublecortin protein binds to and stabilises microtubules and is expressed widely in migrating neurons Gleeson et al., 1999; Horesh et al., 1999; Taylor et al., 2000) .
Two clones: 0B3 (expressed in the midbrain and spinal cord) and 3E2 (expressed in r3 and r5) exhibit sequence similarities to the hypothetical proteins L15344 (Ambrus et al., 1993 (Ambrus et al., , 1996 and G2 (U10991-unpublished) respectively identi®ed through human genome sequencing.
The remaining 22 clones exhibiting restricted expression in cranial neural tissues have no signi®cant sequence similarity to any known nucleic acid or protein sequence and represent novel genes of unknown function (i.e. 66% of clones with restricted expression patterns are novel). These data are summarised in Fig. 2 and Table 1.
Discussion
Use of a subtracted hindbrain cDNA library to identify transcripts with spatially restricted expression patterns
We constructed a cDNA library from the chick hindbrain, subtracted this with a pre-streak embryo cDNA library and then carried out an in situ hybridisation screen to search for genes that are expressed in a regionalised manner within the midbrain or hindbrain. This has identi®ed 36 genes which have spatially restricted expression within chick embryo cranial neural tissue. Sequence analysis of these clones has shown that three correspond to genes with previously known expression/function within the hindbrain (HoxD3, EphB3 and Msx1). Twenty-two clones (66%) have no signi®cant similarity to sequences in public domain databases. Two clones show moderate sequence similarity to conceptual translations of human proteins identi®ed through genome sequencing, six encode proteins that are suf®ciently similar to families of known proteins to infer an identity and possible function and three clones encode peptides that are identical to previously characterised proteins that have no known role in embryonic development.
On the basis of these sequence similarities, of the 12 clones identi®ed with known or inferred functions, four encode enzymes, two encode transcription factors, two intracellular components of signalling cascades, two transmembrane receptors, one a cytoskeleton associated protein and one a speci®c antagonist. We expect that there will be a similar diversity of functions within the clones that as yet have no assigned identities. It is perhaps surprising to ®nd restricted expression of genes encoding metabolic enzymes in different rhombomeres and the identi®cation of such genes suggests that there are differential requirements for their products.
We routinely obtained at least 700 nucleotides of highquality sequence data from either end of the clones that were sequenced. The lack of identi®cation of 3 H sequence similarity of many clones from the library is not surprising given that 3 H untranslated region sequences are poorly conserved between species and few chick ESTs are present in the databases. At the 5 H end however, approximately one-third of clones from the hindbrain library extend into the coding region which raises the possibility of obtaining a hit whilst performing cross-species searches using protein databases. Molecular identi®cation of the clones with no current similarity may have to await more data being deposited on public domain databases in conjunction with obtaining further sequence.
Co-expression of apoptotic regulatory genes in rhombomere 5
Neural crest that migrates from the chick hindbrain is divided into three distinct streams: crest cells from r1 and r2 migrate into the ®rst branchial arch, crest from r4 into the second branchial arch, crest from r6 migrates into the third branchial arch and neural crest free regions are present adjacent to r3 and r5 (Lumsden et al., 1991) . Rhombomeres 3 and 5 produce some neural crest cells but signi®cantly fewer than adjacent even-numbered rhombomeres (Lumsden et al., 1991; Kulesa and Fraser, 1998) . One mechanism underlying the decrease of neural crest from r3 and r5 is the apoptotic elimination of their precursors from these rhombomeres. Apoptosis occurs throughout the dorsal neural tube with raised levels over r2/3 and r5 at the time of neural crest production (Graham et al., 1994) , and these apoptotic foci correlate with sites of Bmp4 and Msx2 expression. Msx2 expression is induced by BMP4 (Graham et al., 1994) and both of these molecules lead to an increase in the apoptotic elimination of neural crest cells when ectopically expressed in even-numbered rhombomeres (Graham et al., 1994; Takahashi et al., 1998) . Clones 0A7 (cIAP1) and 0A11 (eIF2a kinase-related) identi®ed during this screen encode peptides that are identical to or related to proteins with roles in the control of apoptosis.
One effect of inhibiting translation via the phosphorylation of eIF2a can be an induction of apoptosis (Lee and Esteban, 1994; Srivastava et al., 1998) . The expression of 0A11 throughout r5 may therefore underlie a predisposition of r5 to undergo apoptosis. On the other hand, the overlapping expression of the apoptotic inhibitor cIAP1 in ventral r5 may protect these cells from apoptotic elimination, such that cell death is restricted to dorsal regions. It will therefore be interesting to analyse whether these molecules modulate BMP4/Msx2 induced apoptosis in r5.
Expression of genes in neural crest migrating from r4
In view of the role of doublecortin in the migration of neuronal cell bodies in the cerebral cortex (Barkovitch et al., 1996) it is intriguing that clone 0A8, the chick homologue of doublecortin, is expressed in neural crest migrating from r4. doublecortin encodes a cytoplasmic protein expressed widely in migrating neurons (Gleeson et al., 1999 ) that contains several potential phosphorylation sites (Gleeson et al., 1998 ) and a tubulin binding domain (Taylor et al., 2000) . The binding of doublecortin protein to tubulin facilitates polymerisation into microtubules and may in¯uence neuronal migration by enabling a dynamic regulation of the cytoskeleton. Like migrating neurons, the motility of the neural crest is governed by the cytoskeleton and our observations raise the possibility that doublecortin has a role in r4 neural crest cell migration. Since r4-derived craniofacial structures are not missing in X-linked lissencephaly, and doublecortin expression occurs only in a subset of neural crest, presumably other genes have similar roles and have overlapping expression with doublecortin. However, the segmental expression of doublecortin in r2 and r4 does not correlate speci®cally with cell migration, raising the possibility that it may regulate other microtubule-dependent processes within the hindbrain.
Another clone expressed in neural crest cells migrating from r4 is 4B1, which encodes a protein highly homologous to the ULIP family (Unc-33 Like Proteins; Byk et al., 1998) . Sequence similarity is highest to ULIP4, but 4B1 encodes a protein which lacks a ,300 amino acid region present at the C-terminus of all other ULIP proteins (Fig. 3b) and therefore may represent a product of alternate splicing. ULIPs are intracellular proteins that are phosphorylated in response to various stimuli (Byk et al., 1996) and some have roles in regulating neuronal outgrowth; these include C. elegans unc-33 (Hedgecock et al., 1985 (Hedgecock et al., , 1987 , rat ULIP2 (Toad-64) (Minturn et al., 1995) and chick ULIP4 (Crmp-62) which is essential for collapsin-mediated neuronal growth cone collapse (Goshima et al., 1995) . Overexpression of ULIP2 in neuroblastoma cell lines has demonstrated that this protein associates with microtubules and can effect cell shape changes via interactions with the cytoskeleton (Gu and Ihara, 2000) . In addition to regulating axonal outgrowth, collapsins have been implicated in controlling neural crest cell migration, since collapsin-1 is expressed in territories adjacent to migrating neural crest cells (which express the collapsin-1 receptor, neuropilin-1), and collapsin-1 protein can act in an inhibitory manner to the migration of these cells (Eickholt et al., 1999) . 4B1 is coexpressed with neuropilin-1 in neural crest cells that migrate from r4 and raises the possibility that ULIPs may mediate collapsin-induced repulsion of migrating neural crest cells.
Perspectives
We have used an in situ hybridisation screen to identify genes with previously unknown expression in the embryonic midbrain and hindbrain. Until recently, in situ hybridisation has been little used as a technique for large scale projects to assess gene expression patterns and this is probably due to the large amount of`hands-on' time required for this method. With the advent of automated robots to perform this task (Plickert et al., 1997 ) the feasibility of carrying out in situ hybridisation screens has greatly increased.
This screen has identi®ed a number of novel candidate genes whose expression is spatially restricted to cranial neural tissue. For some of these molecules, potential roles can be proposed based on sequence similarities to known genes. For others, it may be possible to group these into synexpression groups (Niehrs and Pollet, 1999) based on their expression patterns. The usefulness of this latter approach has been recently demonstrated by the cloning of BAMBI, an inhibitor of TGF-b signalling which was identi®ed by virtue of its expression pattern which is coincident with that of the TGF-b family member, BMP4 (Onichtchouk et al., 1999) .
The development of in ovo electroporation (Itasaki et al., 1999) to easily and ef®ciently overexpress genes within the chick neural tube/neural crest, and the use of either conventional or`morpholino' based anti-sense oligonucleotides (Cooke and Isaac, 1999; Heasman et al., 2000; Nasevicius and Ekker, 2000; Summerton and Weller, 1997) to inhibit gene function means it should be feasible to extend this screen to assess the function of those genes identi®ed. Our preliminary results indicate that morpholino oligonucleotides can be introduced into the chick hindbrain by electroporation. These approaches will in particular enable functional analyses of the candidate genes that have no homologies with genes of known function, which precludes the design of dominant negative reagents.
Experimental procedures
Embryo dissection
Chicken embryonic hindbrains were collected from Hamburger-Hamilton (1992) stage 10±12 embryos from fertilised brown chicken eggs (Needles Egg Farm, Hertfordshire). Gross dissection to remove non-neural tissue was performed in L15 media (GIBCO-BRL) without serum at 48C. Enzymatic digestion to aid in freeing of adjacent endoderm and mesoderm was performed using 6 U/ml dispase (Boehringer) diluted in L15 media for 3±4 min at room temperature. Inhibition of dispase was achieved by transferring the sample to L15 media containing 20% sheep serum at 48C. StageX (Eyal-Giladi and Kochav, 1975 ) embryos were removed from unincubated fertilised chicken eggs in a mixture of 50% PC saline: 50% PBSA at 48C prior to sample collection in L15 media.
RNA isolation
Total RNA was extracted from either 83 isolated embryonic hindbrains or from 113 embryos prior to the formation of Koller's sickle. Embryonic material was disaggregated in TRIzol reagent (GIBCO-BRL) and total RNA isolated according to the method of the supplier. Total RNA was resuspended in H 2 O and frozen at 2708C until 100 mg was obtained. Poly(A) 1 RNA was prepared by binding to poly(T) coated magnetic beads (Dynal) and subsequent elution. Ef®ciency of poly(A) 1 selection was determined by northern blotting (Sambrook et al., 1989) .
cDNA library construction
Plasmid libraries were constructed using the SuperscriptII System for cDNA Synthesis and Plasmid Cloning (GIBCO-BRL). One microgram of poly(A)
1 RNA was used to construct each library and following cDNA synthesis 50 ng of the largest cDNA molecules were cloned into either NotI-and SalI-digested pSPORT1 (for the hindbrain library) or pSPORT2 (for the pre-streak library). Each ligation mixture was introduced into ElectroMAX DH12S Escherichia coli cells (GIBCO-BRL) using a BioRad Genepulser electroporator under standard conditions. The number of independent clones for each library was determined by plating a known fraction of each library prior to ampli®cation. The resultant hindbrain and`pre-streak' plasmid libraries contained 7 £ 10 5 and 6 £ 10 5 independent clones respectively. The range of insert sizes for the hindbrain library is 0.4±3.0 kb with an average insert size of 1.9 kb (n 15). Insert sizes range from 0.7±2.0 kb for the`prestreak' library with an average insert size of 1.3 kb (n 12). For both libraries, 5 £ 10 5 clones were ampli®ed and these ampli®ed libraries were used in all subsequent procedures. To assess whether these libraries contained full length cDNA clones, a fraction of each library representing 2 £ 10 5 clones was subjected to southern blotting with a probe for a gene of known transcript size, GAPDH (Panabieres et al., 1984) . In both cases insert sizes of 1.2 kb were observed indicating that full-length clones were present (not shown). 5 £ 10 5 clones from each library were ampli®ed according to the method of Hanahan et al. (1991) and the ampli®ed libraries were aliquotted and stored in 20% glycerol at 2708C.
Subtractive hybridisation
Removal of clones common to both the hindbrain and pre-streak cDNA libraries was performed according to the method of Harrison et al. (1995) . Single (sense) stranded tracer DNA was prepared from the hindbrain library using the method recommended by the supplier of the vector (GIBCO-BRL) and any residual double-stranded contaminants were removed by digesting the sample with PvuII. Antisense biotinylated mRNA derived from the driver (pre-streak) library was prepared using biotinylated-UTP (Clontech) and a T7 MEGAscript kit (Ambion) according to the manufacturer's instructions. Following a single round of solution hybridisation of the single stranded tracer and biotinylated driver, removal of excess biotinylated driver and driver:tracer hybrids was achieved by binding to streptavidin (GIBCO-BRL) followed by their removal by repeated phenol:chloroform extraction. Remaining single stranded molecules were converted to their double stranded form using the M13 universal primer and Sequenase DNA polymerase (Amersham) prior to introduction into Electro-MAX DH12S cells by electroporation. Preliminary analysis suggested a large ampli®cation of empty clones had occurred during the subtraction procedure. Removal of clones without inserts from the subtracted library was achieved by digesting 5 mg of plasmid DNA prepared from the library with NotI followed by size fractionation by agarose gel electrophoresis, excision and puri®cation of DNA molecules greater than 4kb in size and subsequent self ligation. This puri®ed subtracted library was introduced into ElectroMAX DH12S E. coli cells by electroporation.
Characterisation of the subtracted library
The effectiveness of the subtraction procedure was determined by plating 2 £ 10 4 clones from both the unsubtracted and subtracted hindbrain libraries on LB agar plates followed by colony screening (Sambrook et al., 1989) using probes for the following genes: GAPDH (Panabieres et al., 1984) ; EphB3 (Sajjadi and Pasquale, 1993) and HoxA3 (Saldivar et al., 1996) . Determination of the level of enrichment/puri®cation of these genes was achieved by comparing the number of positive signals from ®lters representing the unsubtracted or subtracted libraries. The complexity of the subtracted library was determined by plating 1.2 £ 10 3 clones on LB agar followed by colony screening (Sambrook et al., 1989 ) using probes derived from nine randomly chosen clones from the library followed by the determination of the average number of colonies hybridising to each of these probes.
Whole mount in situ hybridisation
The subtracted hindbrain library was plated at low density and individual clones picked into 96 well plates. Plasmid DNA was extracted from each clone on a small scale (Qiagen plasmid mini kit) and linearised using SalI. The insert size of each clone was checked by running a portion of the digested DNA on an agarose gel. The remainder of the linearised DNA was used as template in the synthesis of digoxigenin (DIG) labelled antisense RNA probes. Probe integrity and approximate concentration was assessed by agarose gel electophoresis and approximately 1 mg DIG labelled RNA was hybridised to at least 3 HH 9-12 embryos for each clone. In situ hybridisation was performed either by hand or automatically using an InsituPro (AbiMed) in situ hybridisation robot (Plickert et al., 1997) using`Protocol Four', previously described by Xu and Wilkinson (1998) . Stained embryos were visualised with the aid of a stereomicroscope (Leica) scored for expression in the forebrain, midbrain, hindbrain, neural crest and spinal cord and photographed using an accompanying camera. Images were digitised using a Polaroid SprintScan 35 scanner and images were manipulated using AdobePhotoshop.
DNA sequencing and sequence analysis
Clones were sequenced from both the 5 H and 3 H ends using the M13 reverse and M13 universal primers (Pharmacia) in conjunction with a Big Dye terminator kit and a 377 automated DNA Sequencer (Applied Biosystems). Sequences were analysed using the MacVector 5.1 package (Oxford Molecular). Nucleic acid and protein sequence similarity searches were performed using the gapped BLAST algorithms (Altschul et al., 1997) accessed via the internet at http://www.ncbi.nlm.nih.gov/BLAST/. EST sequence data generated during this study has been submitted to the Genbank EST database dbEST.
